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refractive index of a gas, such as air, in a measurement path 
(66) may be used to measure displacement of an object (67) 
independent of these fluctuations. A coherent source of light 
(1,4) provides two source light beams (11, 12) having source 
wavelengths (X^, X^) along the measurement path (66) which 
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beams (11, 12) are electronically processed (98, 981, 982, 
983, 984, 985) to provide modified heterodyne phase shifts 
based on the provided source wavelengths which are simi- 
larly harmonically related to the harmonically related source 
wavelengths for providing a superheterodyne modulation 
phase substantially insensitive to motion along the measure- 
ment path (66). 
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SUPERHETERODYNE INTERFEROMETER with time in a controlled way. For example, in a known form 

AND METHOD FOR COMPENSATING THE of prior-art heterodyne distance-measuring interferometer, 

REFRACTIVE INDEX OF AIR USING source emits two orthogonal polarizations having 

ELECTRONIC FREQUENCY sUghtly different optical frequencies (e.g. 2 MHz). The 

MULTIPLICATION 5 interferometric receiver in this case is typically comprised of 

a linear polarizer and a photodetector to measure the time- 

CROSS REFERENCE TO RELATED varying interference signal. The signal oscillates at the beat 

APPLICATION frequency, and the phase of the signal corresponds to the 

relative phase difference. A further representative example 

This application is related to the contemporaneously filed, of the prior art in heterodyne distance -measuring intcrfer- 

commonly owned, copending U.S. patent application Ser. ometry is disclosed in commonly-owned U.S. Pat. No. 

No. 08/700,113 by H. A Hill and P de Groot entitled 4,688,940 to G. E. Sommargren and M, Schaham (1987). 

"Superheterodyne Method and Apparatus for Measuring the However, these known forms of interferometric metrology 

Refractive Index of Air Using Multiple-Pass fluctuations in refractive index, and, by 

Interferometr/*, the contents of which are specifically incor- themselves, are unsuited to the next generation of microli- 

porated by reference herein in their entirety. thography mstruments. 

Another known form of interferometer for distance mea- 

FIELD OF THE INVENTION surement is disclosed in U.S. Pat. No. 4,005,936 entitled 

"Interferometric methods and apparatus for measuring dis- 

The present invention relates to optical instruments for tance to a surface" to J. D. Redman and M. R. Wall (1977). 

measuring distance and refractive index. The invention 20 The prior art method taught by Redman and Wall consists of 

relates in particular to interferometric distance measurement employing laser beams of two different wavelengths, each of 

independent of fluctuations in the refractive index of a gas which is split into two parts. Frequency shifts are introduced 

in a measurement path. into one part of the respective beams. One part of each beam 

reflects from an object and recombines with the other part on 

BACKGROUND AND PRIOR ART 25 a photodetector to produce an interference signal. From this 

interference signal a difference frequency is derived whose 
A frequently-encountered problem m metrology is the ^^^^^ ^ measure of the distance to the surface. The 
measurement of the refractive index of a column of air, equivalent wavelength of the phase associated with the 
Several techniques exist for measuring the refractive index difference frequency is equal to the product of the two laser 
of air under highly controlled circumstances, such as when wavelengths divided by the difference of the two wave- 
the air column is contained in a sample cell and is monitored lengths. This prior art two-wavelength technique of Redman 
for temperature, pressure and physical dimension. See for and Wall reduces measurement ambiguities, but is at least as 
example, an article entitled "An air refractometer for inter- sensitive to the deleterious effects of index fluctuations of 
ference length metrology," by J. Terrien, Metrologia 1(3), the air as prior art single-wavelength techniques. 
80-83 (1965). Another example of a prior art two-wavelength interfer- 
Perhaps the most difiBcult measurement related to the ometer similar to that of Redman and Wall is disclosed in 
refractive index of air is the measurement of index fluctua- U.S. Pat. No. 4,907,886 entitled "Method and apparatus for 
tions over a measurement path of unknown or variable two-wavelength interferometry with optical heterodyne pro- 
length, with uncontrolled temperature and pressure. Such cesses and use for position or range finding," to R. D 
circumstances arise frequently in geophysical and meteoro- andliker and W. Heerburgg. This prior art system is also 
logical surveying, for which the atmosphere is obviously described in an article entitled "Two- wavelength laser inter- 
uncontrolled and the refractive index of air is changing ferometry using superheterodyne detection," by entitled "R. 
dramatically because of variations in air density and com- Dandliker", R. Thalmann, and D. Prongu^, Opt. Let. 13(5), 
position. This problem is discussed in an article entitled 339—341 (1988) and in an article entitled "High-accuracy 
"Effects of the atmospheric phase fluctuation on long- distance measurements with multiple-wavelength 
distance measurement," by H. Matsumoto and K. Tsukahara, interferometry," by R. Dandliker, K. Hug, J. Politch and E. 
Appl. Opt. 23(19), 3388-3394 (1984), and in an article Zimmermann. The system of Dandliker et al., as taught in 
entitled "Optical path length fluctuation in the atmosphere," yjS. Pat. No. 4,907,886 employs laser beams of two 
by G. N. Gibson et al, Appl. Opt. 23(23), 4383-4389 wavelengths, with each of these beams comprising two 
(1984). 5Q polarization components separated in frequency by means of 
Another example of the problem encountered in mcasur- acousto-oplic modulation. After passing these beams col- 
ing the refractive index of air is high-precision distance linearly through a Michelson interferometer, the polarization 
measuring interferometry, such as is employed in the micro- components are mixed, resulting in a heterodyne signal, 
lithographic fabrication of integrated circuits. See for Since the heterodyne signal has a different frequency for 
example an article entitled "Residual errors in laser inter- 55 each of the two wavelengths, a so-called super-heterodyne 
ferometry from air turbulence and non-linearity," by N. signal results therefrom, having a frequency equal to the 
Bobroff, Appl. Opt. 26(13), 2676-2682 (1987), and an difference in the heterodyne frequencies, and a phase asso- 
article entitled "Recent advances in displacement measuring ciated with an equivalent wavelength equal to the product of 
interferometry," also by N. Bobroff, Measurement science & the two laser wavelengths divided by the difference of the 
tech. 4(9), 907-926 (1993), Typically the correction for eo two wavelengths. According to U.S. Pat. No. 4,907,886, the 
fluctuations in the refractive index of air is on the order of phase of this super- heterodyne signal is assumed to be 
0.1 ppm (parts per million) in magnitude, and must be dependent only on the position of a measurement object and 
accurate to 0.005 ppm. These high levels of precision the equivalent wavelength. Therefore, this prior art system is 
involve frequency-stabilized laser sources and high- also not designed to measure or compensate for the fluctua - 
resolution phase detection. 65 tions in the index of air. 

There are frequent references in the prior art to hetero- Further examples of the prior art two- wavelength super- 
dyne methods of phase estimation, in which the phase varies heterodyne technique developed by Redman and Wall and 
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by Dandliker and Heerburgg (cited above) are found in an prior art instrument employing microwave-modulated HeNe 

article entitled "Two-wavelength double heterodyne inter- and HeCd lasers for operation over a 5 to 10-km measure- 

ferometry using a matched grating technique/' by Z. Sodnik, ™cnt path. Further details of this instrument are found in an 

E. Fischer, T. Ittner and H. J. Tiziani, Appl. Opt. 30(22), article entitled "Field Tests of a two-laser (4416A and 
3139-3144 (1991) and in an article entiUed "Diode laser and 5 6328A) optical distance-measurmg mstrument correctmg 

fiber optics for dual-wavelength heterodyne interferometry." ^^e atmospheric index of refraction/^ by E N- Heniandez 

by S, Manhart and R. Maurer, SPIE 1319. 214-216 (1990). ^^l^' ^ ^^rnsh^^^ J. Geo Res. 77 35) 6994-6998 (1972). 

However, neither one of these examples addresses the Further examples of apphcauons of the disp^ 

^ are discussed in an article entitled Distance corrections for 
problem of mdex fluctuations. d^^i^^lor lasers by ray tracing," by E. Berg and 
Thus, as illustrated by the foregomg examples, the prior j. a. Carter, J. Geo. Res. 85(B11), 6513-6520 (1980), and in 
art in heterodyne and superheterodyne interferometry does an article entitled "A multi- wavelength distance-measuring 
not provide a satisfactory method and corresponding means instrument for geophysical experiments," by L, E. Slater and 
for measuring and compensating the fluctuation of the G. R. Huggett, J. Geo. Res. 81(35), 6299^306 (1976). 
refractive index of air. This deficiency in the prior art results Although prior art instrumentation for geophysical mea- 
in significant measurement uncertainty, thus seriously surements typically employs intensity-modulation laser 
affecting the precision of systems employing such radar, it is understood in the art that optical interference 
interferometers, for example in micro -lithographic fabrica- phase detection is more advantageous for shorter distances, 
tion of integrated circuits. Consequently, future interferom- In U.S. Pat. No. 3,647302 to R. B. Zipin and J. T Zalusky, 
eters will necessarily have to incorporate an inventive, new entitled "Apparatus for and method of obtaining precision 
method and means for measuring and compensating for dimensional measurements," there is disclosed a prior art 
refractive index fluctuations. interferometric displacement-measuring system employing 
^ . multiple wavelengths to compensate for variations in ambi- 
One known way to detect mdex fluctuations is to measure conditions such as tempe^ture, humidity and pressure, 
changes m pressure and temperatiirc along the measurement instrument is specifically designed for opera- 
path and calculate the effect on the refractive index of path. ^ ^q^^^Ic object, that is, with a variable physical 
Mathematical equations for effecting this calculation are path length; however, the prior art phase-detection means of 
well known, such as disclosed in an article entiUed "The XApin and Zalusky is insufficiently accurate for high- 
refractivity of air," by F. E. Jones, J. Res. NBS 86(1), 27-32 precision measurement. 

(1981). An implementation of this prior art technique is ^^^^^ modem and detailed example of a prior art 
described in an article entitled "High-accuracy displacement technique for index measurement is the system described by 
interferometry in air," by W. T. Estler, Appl, Opt. 24(6), y. Zhu, H. Matsumoto, T. O'ishi in an article entitled 
808-815 (1985). Unfortunately, this prior art technique is "Long-arm two<olor interferometer for measuring the 
also unsatisfactory in that it provides only approximate change of air refractive index," SPIE 1319, Optics in corn- 
values, is cumbersome, and corrects only for slow, global plex systems, 538-539 (1990). This system employs a 
fluctuations in air density. 1064-nm wavelength YAG laser and an 632-nm HeNe laser 
Another, more direct way to detect index fluctuations over together with quadrature phase detection. Substantially the 
a path is by multiple-wavelength distance measurement. The ^aine pnor art instrument is described in Japanese m an 
basic principle may be understood as foUows. Interferom- ^^^^^^^ ^^^'^ ^°fj^,^ Measurement of atmo- 
eters and laser radar measure the optical path length between «P^^f P^^f ^°^Jf ^^^ilX ^^^^^ for long-path distance 
- , . . , . c. ' • 'n. 1 interferometer, Proc. 3 meeting on lightwave sensmg 
a reference and an object, most often in open am T^e optical ^ ^..^nology. Appl Phys. Soc. of Japan, 39 (1989); however 
path length is the integrated product of the refractive index ^^^^^^ interferometer of Zhu et al. described in these 
and the physical path traversed by the measurement beam. ^^icles has insuflBcient resolution for all applications, such 
In that the refractive index varies with wavelength, but the ^s, for example, in sub-micron prior art interferometry for 
physical path is independent of wavelength, it is generaUy microlithography. 

possible to separate the physical path length from the ^5 a recent attempt at high -precision interferometry for use 

fluctuations in refractive index, provided that the instrument microlithography is represented by the approach 

employs at least two wavelengths. The variation of index described in U.S. Pat. No. 4,948,254 to A. Ishida. A similar 

with wavelength is known in the art as dispersion, therefore p^.^^^ ^ ^^^-^^ ^ described by Ishida in an article 

this technique will be referred to hereinafter as the disper- ^^^-^^^ ..j^^ wavelength displacement-measuring interfer- 
sion technique. 5q ometer using second-harmonic light to eliminate air- 

The prior art dispersion tedinique for index measurement turbulence-induced errors," Jpn. J. Appl. Phys. 28(3), 

has a long history, and predates the introduction of the laser. M73-^75 (1989). A displacement-measuring interferometer 

An article entitled "Long-path interferometry through an is disclosed in this article which ehminates errors caused by 

uncontrolled atmosphere," by K. E. Erickson (J. Opt. Soc. fluctuations in the refractive index by means of two- 
Am. 52(7), 781-787 (1962)) describes the basic principles 55 wavelength dispersion detection. An Ar* laser source pro- 

and provides an analysis of the feasibility of this prior art vides both wavelengths simultaneously by means of a 

technique for geophysical measurements. Additional theo- frequency-doubling crystal known in the art as BBO. The 

retical proposals are found in an article entitled "Correction Qf a BBO doubling crystal results in two wavelengths 

of optical distance measurements for the fluctuating atmo- that are fundamentally phase locked, thus greatly improving 
spheric index of refraction," by P L. Bender and J. C. Owens 60 the stability and accuracy of the refractive index measure- 

(J. Geo. Res. 70(10), 2461-2462 (1965)). ment; however, the phase detection means, which employ 

Commercial distance-measuring laser radar based on this simple homodyne quadrature detection, are insufficient for 

prior art dispersion technique for index compensation high resolution phase measurement. Further, the phase 

appeared in the 1970*s. An article entitled "TXvo-laser optical detection and signal processing means are not suitable for 
distance-measuring instrument that corrects for the atmo- 65 dynamic measurements, in which the motion of the object 

spheric index of refraction," by K. B. Eamshaw and E, N. results in rapid variations in phase that are diflScult to detect 

Hernandez, Appl. Opt. 11(4). 749-754 (1972), discloses a accurately. 
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U.S. Pal. No. 5,404,222 entitled "Inierferometric measur- for introducing a frequency difference between the two 

ing system with air turbulence conapensalion" to S. A. Lis orthogonal polarization states of each of the light beams, the 

(1995), discloses another prior art technique employing a frequency difference for each of the light beams being 

two-wavelength interferometer and the dispersion technique different for at least two beams; (3) optical means for 

for detecting and compensating index fluctuations. A similar 5 aligning all of the light beams into a single beam so that they 

device prior art is described by Lis in an article entitled "An are substantially collinear and of substantially equal diam- 

air turbulence compensated interferometer for IC eter along the measurement path; (4) optical means for 

manufacturing," SPIE 2440 (1995). Improvement on U.S. producing phase-shifted beams by introducing phase shifts 

Pat. No. 5,404,222 by S. A. Lis is disclosed in U.S. Pal. No. between the polarization states of each of the light beams, 

5,537,209 issued July 1996. The principle innovation of this lO the magnitude of the phase shifts being proportional to the 

system with respect to that taught by Ishida in Jpn. J. Appl. product of the physical length of the measurement path and 

Phys. (cited above) is the addition of another BBO doubling the indices of refraction of the gas in the measurement path, 

crystal to improve the precision of the phase detection the indices of refraction being a function of wavelength and 

means. The additional BBO crystal makes it possible to different for each of said phase -shifted beams; (5) means, 

optically interfere two beams having wavelengths that are 15 preferably a polarizer, for mixing the polarization compo- 

exactly a factor of two different. The resultant interference nents of each of the phase-shifted light beams to produce 

has a phase that is directly dependent on the index of two or more mixed output beams; (6) means, preferably 

refraction but is substantially independent of stage motion; photoelectric detection, for producing heterodyne electrical 

however, the prior art system taught by Lis has the disad- signals from the intensity of the mixed output beams, the 

vantage that it is complicated and requires an additional 20 heterodyne electrical signals being characterized by oscil- 

BBO crystal for every measurement path. Since microli- lations at heterodyne frequencies related to the frequency 

thography stages frequently involve six or more measure- differences between the polarization states of the light 

ment paths, and BBO can cost more than $12,000, the use beams, the heterodyne electrical signals being further char- 

of such additional crystals are a significant cost burden. An acterized by heterodyne phases; (7) means, preferably 

additional disadvantage of Lis* system is that it employs a 25 electronic, for processing the heterodyne electrical signals to 

low-speed (32-Hz) phase detection system based on the generate modified heterodyne signals characterized by 

physical displacement of a PZT transducer. modified heterodyne phases that are harmonically related to 

It is clear to applicants from the foregoing, that the prior the heterodyne phases; (8) means, preferably electronic, for 
art does not provide a practical, high-speed, high-precision mixing any two of the modified heterodyne electrical signals 
method and corresponding means for measuring and com- 30 to produce at least one superheterodyne electrical signal 
pcnsating fluctuations in the refractive index of air. The comprised of an ampUtude -modulated carrier having a 
limitations in the prior art arise principally from the superheterodyne modulation frequency equal to half the 
following, unresolved technical difficulties: (1) prior-art difference of the two con-esponding modified heterodyne 
heterodyne and superheterodyne interferometers are limited frequencies and a superheterodyne modulation phase equal 
in accuracy by fluctuations in the refraaive index of air; (2) 35 to half the difference between the two corresponding modi- 
prior-art dispersion techniques for measuring index fluctua- fied heterodyne phases; and (9) means, preferably electronic, 
lions require extremely high accuracy in interference phase for analyzing the superheterodyne modulation phase for 
measurement, typicaUy exceeding by an order of magnitude determining the fluctuations in the refractive index of the gas 
the typical accuracy of high-precision distance -measuring over the measurement path. 

interferometers; (3) obvious modifications to prior-art inter- -♦O The principle advantages of the invention may be sum- 
ferometers to improve phase -measuring accuracy would marized as follows. When the source wavelengths are sub- 
increase the measurement lime to an extent incompatible stantially harmonicaUy related and the modified heterodyne 
with the rapidity of stage motion in modem microlithogra- phase shifts are similarly harmonically related, the present 
phy equipment; (4) prior-art dispersion techniques require at invention provides a superheterodyne modulation phase that 
least two extremely stable laser sources, or a single source ^5 is substantially insensitive to stage motion. The superhet- 
emitting multiple, phase-locked wavelengths; (5) prior-art erodyne modulation phase is a direct measure of fluctuations 
dispersion techniques in microlithography applications are in the refractive index of air. Since the superheterodyne 
sensitive to stage motion during the measurement, resulting modulation frequency may be adjusted to any convenient 
in systematic errors; and (6) prior- art dispersion techniques value, the phase-measurement accuracy for compensating 
that employ doubling crystals such as disclosed in U.S. Pat. 50 index fluctuations may be appropriately enhanced. These 
No. 5,404^22 to Lis as part of the detection system are improvements over the prior art are conveniently achieved 
expensive and complicated. without expensive optical components such as doubling 
These deficiencies in the prior art which are overcome by crystals or the like, and without placing any restriction on 
the present invention, have lead to the absence of any the rapidity of stage motion. 

practical interferometric system for performing displace- ^5 An alternative embodiment of the invention includes the 

ment measurement for microlithography in the presence of ability to compensate for unexpected fluctuations in the 

index fluctuations, source wavelength, using additional monitor interferometer 

SUMMARY OF THE INVENTION ""^^^ ^""^ substantially the same electronic processing 

J>UMMAKY ut imiiiNvtiiNiiur^ ^^^^ ^ employed in the primary apparatus. The 

In accordance with the present invention, an apparatus 60 monitor interferometer preferably comprises a fixed monitor 

and method for measuring fluctuations in the refractive path length having a carefully controlled refractive index, so 

index of a gas in a measurement path, such as is useful for i^at any measured variations in the monitor are attributable 

distance measuring interferometry independent of said flue- provide a measure of the wavelength stability, 

tuations is provided which comprises: (1) a source of at least nRsrRtPTION OF THE DRAWINGS 

two light beams each with a different wavelength, the 65 BRIEF DESCRIFOON OI^ IHbURAWlNO^ 

wavelengths having a known approximate harmonic rela- In the drawings, wherein like reference characters denote 

tionship to each other or to a common reference; (2) means similar elements throughout the several views: 
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FIG. 1 is a drawing showing a preferred embodiment of wavelength Xj. The magnitude of phase shifts <^^, <^2 

the present invention; related to the physical length L of measurement path 66 

FIG. 2 is graph depiaing a superheterodyne signal in according to the formulae 

accordance with the present invention; <t>/^Vy+V P-) 

FIG. 3 is a drawing showing a block diagram of the ^ 

processing electronics employed in the present invention;; where the wavenumbers ky are given by 

FIG . 4 is a drawing showing an alternative embodiment of jt-2jiAy (3.) 
the present invention. 

and the indices of refraction n^ of the gas in measurement 

DETAILED DESCRIPTION OF THE path 66 correspond to wavelengths \. The phase offsets 

INVENTION comprise all contributions to the phase shifts that are not 

related to the measurement path 66. 

Referring initially to HO. 1. there is shown a presently ^s shown and preferred in FIG. 1, interferometer 60 is 

preferred embodiment of the apparatus for the present comprised of a reference mirror 65, a quarter- wave plate 21, 

invention measuring fluctuations in the refractive index of a 15 ^ quarter-wave plate 22, a polarizing beam splitter 23 and 

gas in a measurement path 66, such as is useful for mea- ^^^^^ 57 connected to a motion stage 68. or the like, by 

suring the displacement of an object 67 independent of these ^tiich object 67 may be moved to alter measurement path 

fluctuations. 55 jliis configuration is known in the art as a polarized 

In accordance with a presently preferred method of the Michelson interferometer, and is shown as a simple illus- 
present invention, in a first step, a light beam 11 emitted tration. An angle-compensating interferometer or similar 
from a source 1 passes through a modulator 2 excited by a device such as is described in an article entitled "Differential 
driver 3. Source 1 is preferably a laser or like source of interferometer arrangements for distance and angle mea- 
coherent radiation, preferably polarized, and having a wave- surements: Principles, advantages and applications.*' by C. 
length Xj. Modulator 2 may for example be an acousto-optic Zanoni (VDI Berichte Nr. 749, p.93, 1989), is preferably 
device or a combination of an acousto-optic device with incorporated into the apparatus of the invention when work- 
additional optics for selectively modulating polarization ing with stages commonly encountered in the micro- 
components of beam 11. Modulator 2 preferably shifts the lithographic fabrication of integrated circuits. Other forms 
oscillation frequency of one linear polarization component of interferometer known in the art as described in the 
of beam 11 an amoimt/j with respect to an orthogonal linear above-cited article "Differential interferometer arrange- 
polarization component, with the polarization components ments for distance and angle measurements: Principles, 
being denoted herein as x and y, respectively. Therefore, advantages and applications." by C. Zanoni (VDI Berichte 
after passing through modulator 2, polarization component Nr. 749, p.93, 1989), may be incorporated into the apparatus 
X of beam 11 has an oscillation frequency shifted upwards an of FIG. 1 without significantly departing from the spirit and 
amount with respect to polarization component y of beam scope of the present invention. 

11. After passing through interferometer 60, test beam 13 

In a next step, a light beam 12 emitted from a source 4 becomes a phase-shifted beam 15. which passes through a 

passes through a modulator 5 excited by a driver 6, similar polarizer 44 preferably oriented so as to mix polarization 

to modulator 2 and driver 3, respectively. Source 4. similarly components x and y of beam 15. A conventional dichroic 

to soiu-ce 1, is preferably a laser or like source of polarized, beam splitter 80 preferably separates those portions of beam 

coherent radiation, but preferably at a different wavelength, ^° 15 corresponding to wavelengths and into two beams 

X2, having a known approximate harmonic relationship with 16, 17 respectively. Beams 16, 17 then impinge upon a 

respect to Jvj* s^^h as photodetectors 45, 46 respectively resulting in two hetero- 
dyne interference signals s^, Sj corresponding to the two 

Pi^p2^i forpi,p2oi,2,3,.../Jt*;'2 wavelengths X^, X^ and having the form 

After passing through modulator 5, polarization component j,-co8 [a/01 for/-i,2, (4.) 

x of beam 12 has an oscillation frequency shifted upwards , . , , ^ , . . /Aft,* 

- 1 • *• * c where the time-dependent arguments a, (t), cuCt) of hetero- 

an amount f, with respect to polarization component y of , . ^ , ^ 

beam 12 *- r j ^yj^^ interference signals Sj, s^ are given by 

It will be appreciated by those skilled in the art that beams 50 a/0-23i//+4y (5.) 

11 and 12 may be provided alternatively by a single laser . j 

source emitting more than one wavelength, or by a single ^'^^^ amplitude has been normalized to one and any 

laser source combined with optical frequency doubling constant offset values have been mtered out by conventional 

means, or any equivalent source configuration capable of ^lectromc pre-processmg means (not shown). Heterodyne 

generating light beams of two or more wavelengths. It will 55 interference signals s„ s, are transmitted to electronic pro- 

also be appreciated by those skilled in the art that one or both cessmg means 98 for analysis. 

of the frequency shifts may be the result of Zeeman ^/^^'^^"^g ^' processing means 98 

spHtting or like phenomena characteristic of the laser preferably comprises means 981 for electromcdly mul^^^ 

sources themselves "^S time-dependent arguments a,{i), a2(t) of heterodyne 

In a next step, beams 11 and 12 are combined into a test 60 interference signals s„ s, by coefficients p„ p„ respectively, 

beam 13 by an optical element 9, which is preferably a so as to create two modified heterodyne signals s^. s^ having 

non-polarizing beam splitter. In a further step, test beam 13 the form 
propagates to an interferometer 60, comprised of optical 

means for a introducing a phase shift <i>i between the i.^x» [pa,(01 for;-i^ (6) 

polarization components x and y of beam 13 corresponding 65 ' ^ 

to wavelength and a phase shift ^2 between the polar- The multiplication may be achieved by any one of the 

ization components x and y of beam 13 corresponding to conventional frequency multiplying techniques commonly 
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known in the art, such as signal squaring followed by -continued 
electronic filtering. Il will be understood by those skilled in 

the art that such electronic multiplying techniques may /c- y (piAi -pz^z) ^^^'^ 

introduce offsets and modifications in signal strength that 

may be neglected in the present, simplified description of the 5 i ^^^^ ^^^^ (16.) 

analysis technique of the present invention. It is noteworthy 2 * ^ ^ 

that the coefficients p^ p2 are preferably identical to the ^ 
like-denoted coefficients p^, p2 used to define the approxi- ro ^^^^^ 

male harmonic relationship in Eq.(l). ^ ^ 

Referring again to FIG. 3, electronic processing means 98 lo Constant T, defined above, is a measure of the dispersion of 
preferably comprises means 982 for electronically adding the refractive index of air. For example, if Xi=0.63 ^m and 
two modified heterodyne signals s„ together to create a >^=0.33 ^^m, then r=24. The offset factor Q is defined as 
superheterodyne signal S having the mathematical form 

Soj'i+iz (7.) 15 

which may be rewritten as 

S~2MC (8.) 



(hiCk-yZ, (18.) 

where 

|-V4Cpi^+P3^^ (19.) 

Z»V4(i p.^,-P2^. (20.) 



, 20 

™cre YoT the presently-preferred embodiment of the invention, Q 

, , is considered a constant, or is monitored by purely electronic 
^-<=~<^«^^ means (not shown). 

Af =cos (2jif f +<I>) (10.) ^e quantities K and ^ introduced in Eqs. (15, 16) 

25 respectively wiU be referred to as the vacuum superhetero- 
ajj£j dyne wavenumber and the vacuum carrier wavenumber, 

respectively. This terminology follows logically from the 
v=v4Cpi/i+/7j/2) (11.) following two phase equations, which are valid when 

n^on^^l: 



e-^+i (21.) 

^KL+Z (220 

^-^Mi-P:^- Por the same reason, the quantities ^ and Z introduced in 

Superheterodyne signal S is therefore a carrier signal C of 35 ^qs. (19 20) will be refened to as the vacutun carrier phase 

fiequency v modulated by an envelope signal M of fre- superheterodyne phase ofbet, respec- 

quency R Those skilled in the art will appreciate that when ^^f ^* , r u i* i * ^ . ^ 

^ , , J , , - - r J-cc * J lo a final step, for those apphcations related to distance 

modified heterodyne signals s„ s, are of different ampUtude, ^^^^^ intetferometry. the calculated value of refractive 

the resulting mathematical expression is more compl.cated together with ihe phase shift <fr, may be used to 

but nonetheless may be described in terms of a «rner signal 40 ^^^^^^^ »^ ^^^^^^ ^ dependent of fluauations in 

modulated by an envelope signal. For smiplicity in the r • j • *i. f i 

\ 1 •* • -1 *u . j-fi \i u * A ^ refractive mdex n,, usmg the formula 

present disclosure, it is assumed that modified heterodyne ^' * 

signals s^, Sj have the same amphtude. ^23.) 

Referring once again to FIG. 3, electronic processing L ° j^^^^ 
means 98 preferably comprises a means 983 to separate 45 

envelope signal M from carrier signal C, using rectification ^ would also be obvious to someone skilled in the art lo 

and filtering, signal squaring, or any of the like techniques perform similar calculations with respect to n^ m place of or 

for extracting an amplitude modulation and demodulating a in addition to n^. 

carrier. Electronic processing means 98 further comprises a A preferred embodiment of the present invention having 

means 985 to determine the modulation phase ^ using 50 been disclosed in the previous paragraphs, the underiying 

conventional time-based phase detection or the like. Elec- advantages of the present invention will be made more clear 

tronic processing means 98 additionally comprises a means by the foUowing discussion. It is evident from the calcula- 

986 and a means 987 to determine the phases (t>i and (t)^, tio° refractive index Uj provided by the above 

respectively. equation that the required accuracies of the carrier phase 8 

In a next step, electronic processing means 98 transmits to 55 and the superheterodyne phase O are related to the values of 

a computer 99, in either digital or analog format, the values carrier wavenumber ^ and the superheterodyne wave- 

of modulation phase <D and phase shifts (fr^. Computer 99 number K. Since the frequency F of the modulation signal 

calculates the carrier phase 6 and calculates the refractive M can be very much smaUer than the frequency v of carrier 

index using the formula signal C, and since it is generally easier to calculate the 

60 phase with high resolution of an electronic signal of lower 

A (13.) frequency, il is generally most advantageous to rely on a 

"2- (Xu -X* - Q). high-accuracy measurement of the superheterodyne modu- 
lation phase 0. This is readily achieved in the apparatus of 
the present invention when the wavelengths Xj, are 

2r (14.) 65 approximately harmonically related, as shown above in the 

(^i-fC^) ' first equation. For the limit case where "K^, are integer 

multiples of each other, i.e. for the limit case where 



«,-i+-9- (Xu-x*-G), 

where 
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(24.) 



the vacuum supe±ctcrodyne wavenumber K is equal to zero 
and the refractive index calculation does not involve the 
carrier phase 8 at all as illustrated by the following expres- 
sion: 5 



"1-1+^ (xa>-z)for/r=o. 



(25.) 



Further, for the case where K=0, the superheterodyne modu- 
lation phase O is also only weakly dependent upon the lo 
distance L, relative to the very strong dependence of the 
carrier phase 0 and of the phase shifts This greatly 

improves the phase detection accuracy for moving objects, 
such as are commonly encountered in microlithography 
equipment. 15 

An important consideration for interferometry in general 
and for dispersion techniques in particular is source wave- 
length instability. The apparatus of the present invention 
provides a convenient way of compensating for source 
wavelength instability as follows. By mathematical manipu- 20 
lation of Eq. (13), it is possible to show that an error Sn^ in 
refractive index attributable to source wavelength instability 
is given by 

(26.) 



25 



where 6K is the instability in the vacuum superheterodyne 
wavenumber IC This formula shows that the magnitude of 
the error is substantially independent of the object distance 
L, and of all other variables such as the phase shifts ^2 
that depend directly on the object distance L. It is therefore 30 
possible to compensate for the effects of wavelength stabil- 
ity by measuring the index of refraction along a monitor path 
that is entirely free of real fluctuations in index. Any 
measured variations are the result of wavelength instability. 

Referring now to FIG. 4, there is shown an alternative 35 
embodiment of the present invention in which a monitor 
system 606 has been added to the embodiment of FIG. 1 for 
the purpose of compensating for an error bn^ in refractive 
index measurement attributable to source wavelength insta- 
bility. A beam splitter 70 and a mirror 71 reflect a portion of 40 
beam 13 towards monitor system 606. Monitor system 606 
comprises a number of elements performing analogous 
operations as interferometer 60, with elements performing 
like operations as like denoted elements as interferometer 
60, apart from the suffix "b" when referring to elements of 45 
monitor system 606. A monitor electronic processing system 
986 similarly performs like operations as electronic process- 
ing system 98. The difference between interferometer 60 and 
monitor system 606 is that monitor path 666 of monitor 
system 606 is preferably a fixed length, with a carefully 50 
controlled refractive index, such as may be achieved by 
enclosing monitor path 666 and controlling the temperature 
and pressure of the enclosed volume. In that the refractive 
index along monitor path 666 is substantiaUy constant, any 
measured variations bn^f in the monitor system are attrib- 55 
utable to source wavelength instability. For this alternative 
embodiment of the present invention, computer 99 prefer- 
ably calculates refractive index n^ according to the formula 
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The advantages of the present invention are: (1) the 
present invention provides accurate measurement of and 
compensation for fluctuations in the refractive index of air, 
such as is useful for distance measuring interferometry; (2) 
the present invention is compatible with the rapid stage 
motion common to modern microlithography equipment; (3) 
the present invention optionally comprises easily- 
incorporated monitor means and method to substantially 
reduce source stability requirements; and (4) the apparatus 
of the present invention is substantially less complicated and 
expensive relative to comparable prior art. 

It will be appreciated by those skilled in the art that 
alternative data processing may be considered without 
departing from the spirit and scope of the present invention, 
such as for example, it may prove useful to multiply 
modified heterodyne signals s^, S2 together rather than 
adding them, as was proposed above resulting in the expres- 
sion: 



(28.) 



(27.) 60 



This preferred compensation technique of the present inven- 
tion greatly reduces the wavelength stability requirements 
for the source. It is particularly noteworthy that the present 
invention does not require absolute wavelength stability, and 65 
a monitor path 666 need not have an extraordinarily stable 
physical length L. 



Alternative signal S' may be generated by selecting the 
appropriate term in the binomial expansion of (s^+s^X^ 
through the use of phase sensitive detection. Alternative 
signal S' would then be comprised of the sum, rather than the 
product, of two signals having frequencies F and v. Such a 
processing technique would prove advantageous for 
example if it were found useful to replace detectors 45, 46 
and dichroic beam splitter 80 in FIG. 1 with a single 
detector. 

It will further be appreciated by those skilled in the art that 
alternative additional optical elements and electronic pro- 
cessing steps may be incorporated into one of the disclosed 
embodiments of the apparatus of the present invention. For 
example, additional detectors and associated elements may 
be added to the embodiments to measure and compensate for 
the various phase offsets encountered in the data processing. 
These and other obvious modifications may be introduced 
without departing from the spirit and scope of the present 
invention. 

What is claimed is: 

1. An apparatus for measuring fluctuations in the refrac- 
tive index of a gas in a measurement path comprising: 

a source of at least two light beams having different 
wavelengths and a substantiaUy harmonic relationship, 
said light beams each having orthogonal polarization 
states; 

means for introducing a frequency difference between 
said orthogonal polarization states of each of said light 
beams; 

means for aligning said light beams into a single substan- 
tially coUinear light beam along said measurement 
path; 

means for producing phase shifted beams having phase 
shift magnitudes proportional to a product of the physi- 
cal length of said measurement path and said refractive 
index of said gas in said measurement path; 

means for mixing said polarization components of each of 
said phase shifted beams for producing at least two 
mixed output beams; 

means for producing heterodyne electrical signals from 
the intensities of said at least two mixed output beams 
which comprise osciUations at heterodyne frequencies 
related to the frequency differences between said polar- 
ization states of said light beams and comprising het- 
erodyne phases which are substantially inversely 
related in accordance with said harmonic relationship 
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between said different wavelengths except for differ- 
ences due to said refractive index of said gas in said 
measurement path; 

means for generating at least two modified heterodyne 
signals from said at least two heterodyne electrical 
signals which comprise modified heterodyne frequen- 
cies and modified heterodyne phases harmonically 
related to said heterodyne phases in accordance with 
the ratio of said different wavelengths; 

means for adding at least one preselected pair from said 
at least two of said modified heterodyne electrical 
signals for producing one superheterodyne electrical 
signal comprising a superheterodyne modulation fre- 
quency substantially equal to half the difference of said 
preselected pair of said modified heterodyne frequen- 
cies and a superheterodyne modulation phase substan- 
tially equal to half the difference between said hetero- 
dyne phases of said preselected pair of said modified 
heterodyne electrical signals; and 

means for analyzing said superheterodyne modulation 
phase for determining said fluctuations in said refrac- 
tive index over said measurement path. 

2. An apparatus in accordance with claim 1 wherein said 
frequency difference of each of said light beams differs from 
that of every other of said light beams. 

3. An apparatus in accordance with claim 1 wherein said 
means for aligning said light beams comprises optical means 
for aligning all of said light beams into said single light 
beam. 

4. An apparatus in accordance with claim 1 wherein said 
means for producing said phase shifted beams comprises 
means for introducing phase shifts between the polarization 
states of each of said light beams. 

5. An apparatus in accordance with claim 4 wherein said 
means for producing said phase shifted beams comprises 
optical means. 

6. An apparatus in accordance with claim 1 wherein said 
means for producing said phase shifted beams comprises 
optical means. 

7. An apparatus in accordance with claim 1 wherein said 
refractive index of said gas is a fiinction of wavelength and 
comprises a different refractive index for each of said phase 
shifted beams. 

8. An apparatus in accordance with claim 1 wherein said 
means for mixing said polarization components comprises a 
polarizer. 

9. An apparatus in accordance with claim 1 wherein said 
means for producing said heterodyne electrical signals com- 
prises photoelectric detection means, 

10. An apparatus in accordance with claim 1 wherein said 
means for adding at least one preselected pair from said at 
least two of said modified heterodyne electrical signals 
comprises means for adding any two of said modified 
heterodyne electrical signals for producing said one super- 
heterodyne electrical signal comprising an amplitude modu- 
lated carrier having said superheterodyne modulation fre- 
quency. 

U. An apparatus in accordance with claim 1 wherein said 
source comprises a source of coherent radiation. 

12. An apparatus in accordance with claim 11 wherein 
said source comprises a laser. 

13. An apparatus in accordance with claim 1 wherein said 
measurement path comprises a measurement path in an 
interferometer. 

14. An apparatus in accordance with claim 1 wherein said 
gas is air. 

15. An apparatus in accordance with claim 1 wherein said 
means for generating said modified heterodyne signals com- 
prises electronic means. 
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16. An apparatus in accordance with claim 1 further 
comprising means for cornpensating for errors in said super- 
heterodyne modulation phase produced by flucniations in 
the wavelengths of said source. 
5 17. An apparatus in accordance with claim 16 wherein 
said compensating means comprises interferometer means 
having a measurement path comprised of a monitor path of 
fixed length and a gas having a controlled refractive index. 

18. An apparatus in accordance with claim 17 wherein 
10 said compensation means further comprises means for pro- 
ducing monitor heterodyne signals, said generating means 
further comprising means for producing modified monitor 
heterodyne signals from said monitor heterodyne signals. 

19. An apparatus in accordance with claim 18 wherein 
IS said means for producing said modified monitor heterodyne 

signals comprises electronic means. 

20. An apparatus in accordance with claim 18 wherein 
said compensation means further comprises means for add- 
ing any two of said modified monitor heterodyne electrical 

20 signals for producing said at least one monitor superhetero- 
dyne electrical signal, said monitor superheterodyne signal 
comprising an amplitude modulated carrier having monitor 
superheterodyne modulation frequency. 

21. The apparatus of claim 13 further including means for 
25 mounting an object at least at one end of said measurement 

path for selective movement with respect thereto such that 
said measurement path changes in accordance with changes 
in the position of said object and means for analyzing said 
superheterodyne modulation signal to measure the position 
30 of said object substantially independently of fluctuations of 
said refractive index of said gas as said object is moved. 

22. A method for measuring fluctuations in the refractive 
index of a gas in a measurement path, said method com- 
prising the steps of: 

35 providing at least two light beams having different wave- 
lengths and a substantially harmonic relationship, said 
light beams each having orthogonal polarization slates; 

introducing a frequency difference between said orthogo- 
nal polarization states of each of said light beams; 

aligning said light beams into a single substantiaUy col- 
linear light beam along said measurement path; 

producing phase shifted beams having phase shift mag- 
nitudes proportional to a product of the physical length 
of said measurement path and said refractive index of 
said gas in said measurement path; 

mixing said polarization components of each of said 
phase shifted beams for producing at least two mixed 
output beams; 

50 producing heterodyne electrical signals from the intensi- 
ties of said at least two mixed output beams which 
comprise oscillations at heterodyne frequencies related 
to the frequency differences between said polarization 
states of said light beams and comprising heterodyne 

55 phases which are substantially inversely related in 
accordance with said harmonic relationship between 
said different wavelengths except for differences due to 
said refractive index of said gas in said measurement 
path; 

60 generating at least two modified heterodyne signals from 
said at least two heterodyne electrical signals which 
comprise modified heterodyne frequencies and modi- 
fied heterodyne phases harmonically related to said 
heterodyne phases in accordance with the ratio of said 

65 different wavelengths; 

adding at least one preselected pair from said at least two 
of said modified heterodyne electrical signals for pro- 
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ducing one superheterodyne electrical signal compris- 
ing a superheterodyne modulation frequency substan- 
tially equal to half the difference of said preselected 
pair of said modified heterodyne frequencies and a 
superheterodyne modulation phase substantially equal 5 
to half the difference between said heterodyne phases 
of said preselected pair of said modified heterodyne 
electrical signals; and 
analyzing said superheterodyne modulation phase for 
determining said fluctuations in said refractive index 
over said measurement path. 

23. The method of claim 22 wherein said firequency 
difference of each of said light beams differs from that of 
every other of said light beams. 

24. A method in accordance with claim 22 wherein said 
gas is air. 

25. A method in accordance with claim 22 wherein said 
measurement path comprises a measurement path in an 
interferometer having a stage movable along said measure- 
ment path, said superheterodyne modulation phase provid- 20 
ing step comprising the step of providing said superhetero- 
dyne modulation phase substantially insensitive to stage 
motions in said measurement path. 

26. A method in accordance with claim 22 further com- 
prising the step of determining a distance L along said 25 
measurement path independent of said fluctuations in said 
refractive index n. 

27. A method in accordance with claim 22 wherein said 
distance determining step further comprises the step of 
determining said distance L in accordance with the expres- ^0 
sion 

^ 1^ 



16 

where equals the magnitude of the phase shift, equals 
the wavenumber of the phase shift, n equals the refractive 
index and equals the phase oSsct, the phase offset 
comprising all contributions to the phase shift (jij that are not 
related to the measurement path. 

28. A method in accordance with claim 22 wherein the 
step of providing said soiu'ce light beams comprises the step 
of providing source light beams having orthogonal polar- 
ization states having a frequency difference between said 
orthogonal polarization states, and the step of providing 
modified heterodyne phase shifts based on said provided 
source wavelengths comprises the steps of producing het- 
erodyne electrical signals which comprise oscillations at 
heterodyne frequencies related to frequency differences 
between polarization states of said source light beams, and 
generating modified heterodyne signals from said hetero- 
dyne electrical signals v/hich comprise said modified het- 
erodyne phase shifts. 

29. A method in accordance with claim 28 wherein said 
generating step comprises the step of electronically gener- 
ating said modified heterodyne signals, said method further 
comprising the step of electronically adding said modified 
heterodyne signals for producing a superheterodyne signal 
comprising said superheterodyne modulation phase. 

30. A method in accordance with claim 22 further com- 
prising the step of compensating for errors in said superhet- 
erodyne modulation phase produced by fluctuations in the 
source wavelengths. 

* ♦ ♦ ♦ ♦ 
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